Density measurements from single-sinker magnetic suspension densimeters need to be corrected to compensate for the magnetic effects of the measuring cell materials and the fluid on the coupling transmission system. While the magnetic effect of the densimeter materials can be easily determined, the fluid effect requires the calculation of an apparatus-specific constant, ερ. In this work, the apparatus-specific constant of the single-sinker magnetic suspension densimeter at the University of Valladolid has been determined by using two alternative methods. The first method, which uses density data for the same fluid and conditions and different sinkers, yielded a value of ερ = 4.6·10 -5 . The second method, obtained from measurements with pure oxygen, yielded a value of ερ = 8.822·10 -5 . The second value is considered as more reliable, as the first method presents inherent limitations in this case.
Introduction
Single-sinker magnetic suspension densimeters (SSMSD) provide very precise density measurements for fluids over extensive temperature and pressure limits [1] . In their operation, a sinker of known volume, immersed in the fluid whose density must be determined, is weighed by an analytical balance. The density of the fluid is determined from the buoyancy force on the sinker, according to the Archimedes' principle. The sinker, surrounded by the fluid at the desired temperature and pressure, is coupled to the balance, which unlike the sinker is in air at ambient conditions, across the wall of the measuring cell by means of a contactless magnetic suspension coupling. A comprehensive description of the measuring method can be found in [2] . The balance reading when weighing the sinker through the magnetic suspension coupling is influenced by the magnetic properties of the materials of the measuring cell and by the magnetic properties of the fluid. This is accounted as a force transmission error (FTE) that must be evaluated and corrected for [3] for single-sinker densimeters and gravimetric sorption analyzers and other scientific equipment using a magnetic-suspension coupling [4] . There are different ways of estimating the correction that must be applied to compensate for the FTE. Kuramoto et al. [5] proposed a theoretical and quantitative determination of the FTE by developing a physical model, whereas Kano et al. [6] studied the FTE by using numerical methods, with the finite element analysis. These two methods require a detailed knowledge of the magnetic properties of all the materials in the cell, the sinker and the fluid, together with a precise knowledge of the geometry of the magnetic coupling and all the surrounding elements. This information is not always easily accessible, especially when the relative position of the magnetic coupling changes with temperature and pressure, due to the change of the magnetic properties of the permanent magnet with the temperature. Based on these works, Kayukawa et al. [7] developed a dual-sinker magnetic suspension densimeter capable of keeping the vertical position of the permanent magnet constant during the entire measuring process, which minimizes the influence of the FTE. However, the mechanical complexity of this approximation is only of interest for some very accurate metrological issues and not practical for most of the SSMSD. Alternatively, McLinden et al. [3] proposed an empirical approach. The FTE can be split into two terms: the term due to the magnetic behavior of the apparatus materials (e.g. cell walls, sinker) and the fluid-specific term. The apparatus-specific term of the FTE can be easily determined by measuring the weight of the sinker in the evacuated cell. The fluid-specific term of the FTE can be neglected when dealing with diamagnetic fluids, which have weak magnetic susceptibility, but must be considered when measuring densities of paramagnetic fluids, which have a strong and temperature-dependent magnetic susceptibility, such as mixtures containing oxygen. The fluidspecific term of the FTE, as well as the apparatus-specific effect, are unique for each SSMSD, and therefore, must be determined independently for each densimeter. The SSMSD at the University of Valladolid (UVa) [8] [9] has been used during the last few years to measure the density of different binary mixtures [8, [10] [11] [12] [13] [14] [15] [16] and multicomponent mixtures [17] [18] [19] [20] . As no significant amount of any paramagnetic component was present in those mixtures, only the apparatus-specific correction was considered. The fluid-specific term of the FTE was neglected and its small influence was considered to be covered by the uncertainty of the density measurements. A new set of density measurements is scheduled to be performed with this SSMSD for binary mixtures of relevance for processes involved in carbon capture and storage systems. Some of the relevant mixtures contain significant amounts of oxygen [21] , and therefore the determination of the fluid-specific term of the FTE is needed in order to correct these measurements.
In this work we have followed the procedure proposed by McLinden et al. [3] for the determination of the fluid-specific term of the FTE of the SSMSD at the UVa. The fluid-specific term of the FTE, as it will be explained in the next section, is proportional to the magnetic susceptibility and the density of the fluid, with the proportionality being constant the so-called 'apparatus-specific constant', ερ. In order to avoid confusions arising from the use of the language, it is worth highlighting that the apparatus-specific constant, ερ, is the proportionality constant of the fluid-specific term of the FTE, and should not be mistaken with the apparatus-specific term of the FTE. The apparatus-specific constant, ερ. can be evaluated by measuring the density of a fluid at the same temperature and pressure using two different sinkers. For this purpose, any fluid with known magnetic susceptibility is appropriate, even if the fluid is diamagnetic (i.e. with small and negatives values of the magnetic susceptibility). An alternative approach to estimate the apparatus-specific constant is by measuring the density of a paramagnetic fluid, such as pure oxygen, at selected temperatures and pressures. In this case the magnetic susceptibility is much greater and with a positive value. In this work we have followed the two different approaches to estimate ερ and the results are compared.
Force transmission error in a single-sinker magnetic suspension densimeter
The operation of the SSMSD is schematically depicted in Figure 1 . The magnetic coupling is formed by an electromagnet hanging from the lower hook of the analytical balance and a permanent magnet inside the measuring cell. The permanent magnet is fixed to a sinker support which allows coupling and decoupling the sinker to/from the balance. The magnetic coupling has two different positions: the zero position (ZP) and the measuring position (MP). A position sensor allows changing from one position to the other. A load compensation system permits running the analytical balance near its zero, avoiding any systematic errors associated with the non-linearity of the balance. Additionally, the load compensation system allows calibrating the balance at each measuring point. The load compensation system consists of two calibrated masses. Usually, one of them is made out of tantalum and the other of titanium. They have distinct masses but nearly the same volume, thus the air buoyancy effect on the compensation masses are the same for both of them. The difference in weight between the two masses is designed to be similar to the sinker mass. In the ZP the magnetic coupling attracts the permanent magnet but the sinker is not lifted and it rests on the bottom of the cell. In the MP the magnetic coupling attracts the permanent magnet so that the sinker is lifted. Simultaneously, the load compensation system places the tantalum mass on the upper pan of the balance when the magnetic coupling is in the ZP, and places the titanium mass when the magnetic coupling is in the MP. The balance readings in the ZP, WZP, and in the MP, WMP, are therefore: 
where the factor α accounts for the balance calibration; Φ is the coupling factor, which corrects for the effect of the magnetic coupling in the reading of the balance; m, V and ρ, denote mass, volume and density, respectively; the subscripts pm, em, s, refer to the permanent magnet, the electromagnet and the sinker; and the subscripts Ta and Ti, refer to the tantalum and titanium compensation masses. The difference between these two readings is
The differential nature of the measuring method cancels the weights of the permanent magnet, the electromagnet, and their corresponding buoyancy forces. As the volumes of the titanium and tantalum compensation loads are approximately equal (VTi ≈ VTa), the air buoyancy term for them is negligible. The density of the fluid, ρfluid, can be isolated from equation (3), thus obtaining the following expression:
where ρs is the density of the sinker (ρs = ms/Vs). Equation (4) gives the density of the fluid, but includes the unknown balance calibration factor, α, and the coupling factor, Φ. The balance calibration factor, α, can be easily obtained by an independent calibration, free of the air buoyancy effect, using the two compensation masses. As the magnetic coupling is in the zero position (ZP), two measurements are taken, one with the titanium mass on the balance pan (WZP,Ti), and the other one with the tantalum mass (WZP,Ta). Subtracting one from the other most of the terms in equation (1) cancel and α can be obtained:
The analysis of the coupling factor for a two-sinker MSD performed by McLinden et al. [3] states that, the coupling factor, Φ, can be separated into an apparatus-specific effect, Φ0 and a fluidspecific effect Φfse, as expressed in equation (6) . This is also valid for a SSMSD.
The apparatus-specific effect, Φ0, can be obtained by weighing the sinker in a vacuum. In that case ρfluid = 0 and Φfse = 0, and thus, Φ0 can be isolated from equation (4) as:
It is worth noting that the apparatus-specific effect, Φ0, depends on temperature, because the strength of the permanent magnet is temperature-dependent, and therefore the equilibrium position of the magnetic coupling changes for each temperature. Furthermore, small changes on the alignment of the electromagnet, or in the leveling of the balance, also produce small variations in the value of Φ0. For this reason, the value of Φ0 must be estimated at the end of each single isotherm and the corresponding correction must be done with the obtained value. From the analysis for the two-sinker MSD by McLinden et al. [3] , it was also demonstrated that the fluid-specific effect is proportional to the magnetic susceptibility and density of the fluid:
where χs0 = 10 -8 m 3 ·kg -1 and ρ0 = 1000 kg·m -3 are reducing constants for the specific magnetic susceptibility of the fluid, χs, and the density of the fluid, ρfluid, respectively; and ερ is a so-called 'apparatus-specific constant'. If the correction due to the FTE is not considered, i.e., setting Φ = 1 in Equation (4), the density obtained, ρΦ =1, has a deviation from the 'true' value. The relative deviation in density is given by the following expression (equation 23 
Replacing the value of Φ given by equations (6) and (8) 
The first term on the right-hand side of equation (10) stands for the relative deviation in density due to the apparatus effect, which will be easily compensated for with the appropriate value of Φ0 obtained from equation (7) . The second term represents the relative deviation in density due to the fluid-specific effect: 
As it can be seen in equation (11), the relative deviation in density due to the fluid-specific term of the FTE is proportional to the specific magnetic susceptibility of the fluid, χs, and to the difference between the density of the fluid and the density of the sinker, ρfluidρs, being the proportionality constant that is the apparatus specific constant, ερ. McLinden et al. [3] showed that the apparatus-specific constant, ερ, can be calculated from equation (11) following two different approaches. The first method is by measuring the density of a fluid at exactly equal T and p, using two different sinkers, which for a single-sinker MSD implies the disassembling and re-assembling of the whole cell. The second method is by measuring the density of pure oxygen, a strongly paramagnetic fluid with a high magnetic susceptibility. Both approaches have been used in this work to estimate the apparatus-specific constant, ερ, of the SSMSD at the UVa. The volume magnetic susceptibility is a dimensionless magnitude. The magnetic susceptibility, χs, that appears in equation (11) refers to the magnetic susceptibility on a mass basis (in m 3 ·kg -1 ). The product of the specific magnetic susceptibility by the density, which appears in equation (11), gives the dimensionless volume magnetic susceptibility. Most of the values of magnetic susceptibilities in the literature are given as molar magnetic susceptibilities (χM, in m 3 ·mol -1 ). The specific magnetic susceptibility, χs, can be obtained easily by dividing the molar magnetic susceptibilities, χM, by the molar mass, M, of the substance. In some cases, the published data of magnetic susceptibility are given in the centimeter-gram-second system of units (CGS-EMU). In this case, a convenient conversion factor, which can be found in Ref. [22] , should be used to obtain the magnitude in the corresponding SI units. Once the value of the apparatus-specific constant, ερ, is established, the density of the fluid can be easily obtained by introducing the value of the coupling factor, Φ, in equation (4), obtaining the following expression:
where an approximate value of ρfluid must be introduced in the right-hand side of the equation to obtain the experimental value of ρfluid. The value of density given by equation (4) with Φ = Φ0 after more than one interaction, is a good approximation for this purpose. Otherwise, the value of ρfluid computed from RefProp [23] can be used.
Experimental

The single-sinker magnetic suspension densimeter at UVa
The SSMSD at UVa was described thoroughly in the papers by Chamorro et al. [8] and by Mondéjar et al. [9] . Formerly, the SSMSD had a cylindrical titanium sinker, with a nominal mass of 60 g and a nominal volume of 13 cm 3 . The 'old' titanium sinker was replaced by a 'new' monocrystalline silicon cylinder, with nearly the same mass but double the volume (26 cm 3 ), as the density of silicon is approximately half that of titanium. This modification was made in order to reduce the measuring uncertainty in density measurements and increase the resolution of the SSMSD, mainly at low densities. Table 1 collects the mass, volume and density of the 'old' titanium sinker and the 'new' silicon sinker of the SSMSD at UVa. The measuring cell is made of a copper-chromium-zirconium diamagnetic alloy (CuCrZr) with χs/ χs0 = -0.025 [24] . The temperature and pressure dependence of the volume of the sinker must be considered when using equation (4) or (12) to estimate the density of the fluid. This can be done by using equation (13):
where Vs0 stands for the volume of the sinker at the reference state, specified in its calibration certificate; ( ) ̅̅̅̅̅̅ is the average linear thermal expansion coefficient; K(T) is the compressibility modulus, which is more frequently expressed as function of the Young's modulus, E, and Poisson's ratio, ν, as K(T) = 3[1 -2ν(T)]/E(T); and T0 and p0 are the reference state temperature and pressure. The expression for the dependence of the thermal expansion coefficient with temperature has been obtained from [25] for the titanium sinker and from [26, 27] for the silicon sinker. The corresponding expressions for dependence of the mechanical properties with the temperature have been obtained from [28] . Note that, as the silicon is an anisotropic material, the average of the elastic constants for each crystalline direction have been considered. A high-precision analytical balance (Mettler Toledo XPE205DR, Mettler Toledo GmbH, Gießen, Germany, normal weighing range: 81 g, readability: 0.01 mg). measures the buoyancy force on the sinker through the magnetic coupling system. The load compensation system is formed by two calibrated masses, one of them made out of tantalum and the other titanium. The calibrated compensation masses have approximately the same volume (4.9 cm 3 ) and the difference in weight between both of them is similar to the sinker mass (approx. 60 g for the 'old' titanium sinker and 62 g for the 'new' silicon sinker). The two masses were provided by Rubotherm GmbH, Bochum, Germany. Their masses and volumes were calibrated at the Spanish National Metrology Institute (Centro Español de Metrología, CEM). The mass, volume and density of the two calibrated masses of the load compensation system (tantalum and titanium) are presented in Table 1 . The temperature is set by an outer double-walled stainless-steel cylinder, through which the fluid from a Julabo FP50 thermal bath circulates, and an inner electrical heating cylinder made of copper, directly in contact with the measuring cell and powered by an electronic Julabo MC-E controller. Two platinum resistance thermometers (S1059PJ5X6, Minco Products, Inc., Minneapolis MN, USA) located one opposite the other in the middle section of the measuring cell and plugged into an AC comparator resistance bridge (F700, Automatic Systems Laboratories, Redhill, England) measure the temperature of the gas inside the cell. The probes have been calibrated on the ITS-90 scale [29] . Two pressure transducers, a Paroscientific 2500A-101 (0 to 3 MPa) and a Paroscientific 43KR-HHT-101 (Paroscientific Inc., Redmond WA, USA), for pressures up to 20 MPa, measure the gas pressure. These pressure transducers are frequently calibrated against a dead weight pneumatic pressure balance and load masses with traceability to international standards.
Results
Determination of the apparatus-specific constant using the single-sinker method with two sinkers of different density
The apparatus-specific constant, ερ, can be estimated by measuring the density of a fluid of known magnetic susceptibility, χs, at the same T and p, using, at different times, the same SSMSD with two different sinkers of distinct density [3] . Following this method, density measurements of nitrogen performed with the original setup of the SSMSD at the UVa (with the 'old' titanium sinker) and with the current configuration of the SSMSD (with the 'new' monocrystalline silicon sinker) can be used. It must be noted that the original objective of those measurements was not to determine the apparatus-specific constant, but simply to check the performance of the SSMSD with a reference fluid. For this purpose, equation (11) can be used twice, with the results of the measurements of nitrogen performed with the SSMSD with the two different sinkers, to evaluate the relative deviation in the density of pure nitrogen due to the fluid-specific effect in both cases: 
where ρfluid,1 and ρfluid,2 are the experimental density given by the densimeter with the sinker 1 and the sinker 2, respectively. ρs,1 and ρs,2 are the densities of the 'old' titanium sinker (sinker 1) and the 'new' silicon sinker (sinker 2), indicated in Table 1 .
If measurements are done at nearly the same T and p (ρfluid,1 ≈ ρfluid,2), the value of ερ can be obtained from equations (14) and (15), by subtracting one from the other:
If the measurements with the sinker 1 and the sinker 2 are made at different conditions, the values of pressure and temperature may be slightly different for each measurement (more so in this case, as the measurements were not made for the purpose of being compared in mind). This can be solved by comparing the experimental results with an appropriate equation of state at the experimental temperature and pressure and adapting equation (16a) to this modification, as shown below:
where the subscripts 1 and 2 stand for the measurements with the sinker 1 or 2, respectively, and ρEoS is the estimated density from the equation of state for nitrogen of Span et al [30] .
Nitrogen is a diamagnetic fluid with a molar magnetic susceptibility of χM = -0.151·10 -9 m 3 ·mol -1 at T = 293.15 K [24, 31] . Taking MN2 = 28.01348 g·mol -1 as the molar mass of nitrogen, this gives a specific magnetic susceptibility of nitrogen of χs = 5.39·10 -9 m 3 ·kg -1 . The temperature and pressure dependence of χs for diamagnetic fluids is negligible [22] . Therefore, selected nitrogen density data measured with the old titanium sinker were compared with the density data of pure nitrogen measured with the new silicon sinker. The quality factors of the used nitrogen are summarized in Table 2 . Table 3 gives the (p, ρ, T) values of the two sets of density measuring points used for the estimation of ερ. The values of ερ calculated with equations (16a and 16b) for each pair of measuring points are also presented in Table 3 and plotted versus density in Figure 2 .
As it can be observed, the scatter of the ερ values is significantly high at low densities and is reduced at high densities. Values of the apparatus specific constant yielded an average value of ερ = 4.6·10 -5 , but showed a significant scattering. It must be noted that the value of the apparatusspecific constant following this single-sinker method with two sinkers of different density has been evaluated with very few density data, and not specifically obtained for this purpose. The obtained value is not very reliable, as a very small variation in the density data, even within the small experimental uncertainty of the equipment, yields important changes in the value of ερ.
Using the obtained value of ερ, the value of density for pure nitrogen, corrected for the fluidspecific effect, can be obtained through equation (12) . The correction due to the fluid-specific effect will be very small as the magnetic susceptibility of nitrogen is very small, and results in a correction of less than 0.01 % in density, for a nominal value of ρ = 300 kg·m -3 .
Determination of the apparatus-specific constant by density measurements on pure oxygen
McLinden et al. [3] stated that the apparatus specific constant, ερ, may also be evaluated by measuring the density of pure oxygen at near ambient conditions (T = 293.15 K and p = 0.1 MPa). This method, simpler than the single-sinker method with two sinkers of different density, will give an acceptable approximation of the apparatus-specific constant. If the densimeter allows the measurement of pure oxygen at higher pressures and different temperatures (considering material compatibility with oxygen and important safety related issues) it will provide more accurate results. Equation (11) could then be used to obtain ερ:
where Φ=Φ0 is the density given by the densimeter, corrected for the apparatus-specific effect but not for the fluid-specific effect, and ρEoS is the density given by a reference equation of state at the experimental temperature and pressure. The multiparameter equation of state for non-and weakly polar fluids, particularized for oxygen, proposed by Span and Wagner [32] has been used as the reference equation of state for oxygen. The molar magnetic susceptibility of molecular oxygen at the reference state, T = 293.15 K and p = 0 MPa, is taken as χM00 = (42.92 ± 0.06)·10 -9 m 3 ·mol -1 , value measured by May et al. [33] , and in close accordance with the ab initio calculation of Minaev et al. [34] . Taking MO2 = 31.9988 g·mol -1 as the molar mass of oxygen, this gives a specific magnetic susceptibility of oxygen at the reference state of χ00 = 1.34130·10 -6 m 3 ·kg -1 . This value is 250 times larger than the absolute value of the specific magnetic susceptibility of nitrogen. The dependence of the magnetic susceptibility of strong paramagnetic fluids, as oxygen, with temperature should not be neglected [33] . The Curie Law, which states that the magnetic susceptibility is proportional to 1/T, has been used to account for this temperature dependence: s = 00 293.15
(18a)
Even when the magnetic susceptibility of pure oxygen may also have a weak dependence with density, decreasing the magnetic susceptibility with increasing density, this effect is quite small [33] and has not been considered initially.
Therefore, density measurements on pure oxygen were performed with the SSMSD at the UVa at (250, 273.15, 293.15, 325, 350, and 375) K and pressures up to 6 MPa. The measurement of oxygen at high pressures required a thorough review of material compatibility for our SSMSD [35] and other safety related issues [36] . The quality parameters of the pure oxygen are summarized in Table 2 . Measurements were performed along each isotherm starting from the higher pressure, and decreasing pressure by 1 MPa steps to the lower pressure. Thirty points were measured for each temperature and pressure to make sure equilibrium had been reached, and the mean value of the last ten measurements was used to estimate ερ. The fourth column of Table 4 and the corresponding data shown in Figure 3 show the relative deviations of the obtained values of density of oxygen corrected for the apparatus-specific effect but not for the fluid-specific effect, Φ=Φ0 , from the density given by the reference equation of state for oxygen by Span and Wagner [32] , ρEoS. It can be seen that the deviations range from 2.1 % for the density data at 375 K to 3.1 % for the density data at 250 K. There is an appreciable dependence on temperature, with the deviations being larger at lower temperatures and decreasing with increasing temperatures. The dependence of the deviations with pressure is less significant. The ninth column of Table 4 and Figure 4 show the values obtained for ερ, by using equation (17). It can be seen that the values of ερ ranges from 8.4·10 -5 (for T = 250 K, p = 5.7 MPa, and ρ = 91.8 kg·m -3 ) to 9.2·10 -5 (for T = 350 K, p = 1.0 MPa, and ρ = 10.7 kg·m -3 ). The obtained values of ερ increase with temperature and decrease with density. The excellent repeatability of ερ for each temperature and pressure can also be seen in Figure 4 , where the last ten values of ερ for each temperature and pressure have been represented in the graph and not only its mean value, which is reflected in Table 4 . It can be seen that the last ten measurements for each single (T, p) point show a very little scatter, although it increases slightly as the density decreases. The residuals between the experimental values of ερ and the values given by equation (19a) are presented graphically in Figure 5 . The adjustment of equation (19a) to the experimental data is very good, with a root-mean-square deviation, expressed as a percentage, of less than 0.44 % (4.01·10 -7 ). Using the value of ερ given by equation (19a), the value of density for pure oxygen, corrected for the fluid-specific effect, can be obtained through equation (12) . The sixth column of Table 4 and Figure 6 show the relative deviations of the obtained values of density of oxygen corrected for the apparatus-specific effect and for the fluid-specific effect, ρfluid, from the density given by the reference equation of state for oxygen by Span and Wagner [32] , ρEoS. It can be seen that all the experimental density data are located within the claimed uncertainty of the equation of state (0.2 %). The average absolute deviation (AAD) of the experimental data with respect to this equation of state is 0.009 %, with a maximum deviation of 0.012 %, as shown in Table 5 .
Comparison of the experimental density results were also made with the reference equation of state for oxygen by Schmidt and Wagner [37] , which has a lower uncertainty. The results are presented in the seventh column of Table 4 and in Figure 7 . It can be seen that all the experimental density data lay within the stated uncertainty of the equation of state (0.1 %). The average absolute deviation (AAD) of the experimental data with respect this equation of state is 0.023 %, with a maximum deviation of 0.026 %.
The results of the statistical analysis of the comparison of the experimental density data against these two reference equations of state for oxygen are presented in Table 5 .
In the case that the slight dependence of the magnetic susceptibility of pure oxygen with the density is also considered, as indicated in [33] , and not only the dependence with temperature, equation (18a) should be rewritten as:
where NA stands for the Avogadro's constant, μ0 = 4π·10 -7 N·A -2 , αm stands for the molecular magnetizability, μm stands for the molecule's magnetic dipole moment, kB stands for the Boltzmann constant, and bμ stands for the second magnetic virial coefficient. For oxygen, the recommended values are: NAμ0αm = -0.13·10 -9 m 3 ·mol -1 , μm = 2.6282·10 -23 N·m·T -1 , and bμ = -1.8 ± 0.5 cm 3 ·mol -1 [33] . With this magnitude for the magnetic susceptibility, the value obtained for ερ from the experimental densities of oxygen, by using equation (17), will be slightly different to equation 
Estimation of the uncertainty of the apparatus-specific constant and its influence on
the uncertainty of density.
The uncertainty of each single value of ερ obtained for a selected temperature and pressure from density measurements on pure oxygen can be obtained by applying the law of propagation of uncertainty [38] to equation (17) . For this purpose, the contributions from the uncertainty of the experimental density, corrected for the apparatus-specific effect but not for the fluid-specific effect, U(ρΦ=Φ0), the uncertainty of the reference EoS from Span and Wagner, U(ρEoS), the uncertainty of the specific magnetic susceptibility of O2, U(χs), and the uncertainty of the density of the silicon sinker, U(ρs), must be considered. The uncertainty of the experimental density, corrected for the apparatus-specific effect but not for the fluid-specific effect, U(ρΦ=Φ0), is given by the expression U(ρΦ=Φ0)/kg·m -3 = 1.1·10 -4 ·ρ/kg·m -3 +2.3·10 -2 , as it was explained in detail in [9] . The uncertainty in density of the reference EoS from Span and Wagner [32] , U(ρEoS), is less than 0.2 %. The uncertainty of the specific magnetic susceptibility of O2, U(χs), is obtained from [33] and accounts to up to 0.14 %. Finally, the uncertainty of the density of the silicon sinker, U(ρs), is of 0.014 %, as indicated by its calibration certificate from the Spanish National Metrology Institute, CEM.
From these values, the estimated relative expanded uncertainty (k = 2) of ερ amounts to 4 % for higher densities, but increases up to 20 % for lower densities. Under the assumption of normal probability density functions, the relative uncertainty of the extrapolated values to zero density of ερ have been computed by the Monte Carlo method [39] from a linear regression as function of ρ, with an average result of 0.97 %. The uncertainty of the experimental densities of oxygen, corrected by both the apparatus-specific and the fluid-specific FTE effects, U(ρfluid), is straightforward evaluated from the application of the law of propagation of uncertainty to equation (12) . The relative expanded (k = 2) uncertainty of the density increases from 0.08 % at high densities (for ρ > 95 kg·m -3 ), up to 0.43 % for low densities (for ρ ≈ 10 kg·m -3 ). The estimated relative uncertainty for the 293.15 K isotherm is depicted graphically with error bars in Figures 6 and 7 . The uncertainty of the experimental density, U(ρ), considering the effect of the uncertainty of ερ, can be given, as an approximation, by the expression:
U(ρ)/kg·m -3 = 2.5·10 4 ·χs/m 3 ·kg -1 + 1.1·10 -4 ·ρ/kg·m -3 + 2.3·10 -2 (20)
Discussion
The scatter of the ερ values obtained from nitrogen density measurements by using the singlesinker method with two sinkers of different density is significantly high, mainly at low densities. Small variations in the density data, even within the experimental uncertainty of the equipment, results in significant changes in the value of ερ, giving even negative values for ερ, as can be seen in Figure 2 , which has no physical meaning. The mean value obtained for ερ by using the singlesinker method with two sinkers of different density is 4.6·10 -5 , but this value is very unreliable, as it has been calculated with very few nitrogen density data, not specifically obtained for this purpose. In order to obtain a better result for ερ following this single-sinker method with two sinkers of different density, more density data should be used, preferably with fluids with a higher magnetic susceptibility, higher density and with two sinkers with a bigger difference in density (both with respect each other and with respect the density of the fluid measured), as can be deducted from the main influence parameters in equation (16a). For example, this may be achieved using a diamagnetic gas of higher susceptibility, as methane (χs/ χs0 = -1.36), or even better synthetic air (χs/ χs0 = 30.07), and two sinkers, one of silicon and the other of tantalum instead of titanium (ρTa ≈7.2ρSi), which would lead to a contribution of the fluid-specific effect about 0.21 % according to equation (11) (or about -5.1 % in case of synthetic air), rather than the 0.01 % contribution when using the silicon and titanium sinkers (ρTi ≈ 1.9ρSi) and nitrogen (χs/ χs0 = -0.54). In this way, the effect would be above the achievable relative uncertainties of density measurements of methane not worse than 0.03 %, and the single-sinker method with two sinkers of different density may be appropriate, thus, yielding more accurate results of ερ. The apparatusspecific constant is unique for each SSMSD and should be recalculated when a major modification of the equipment is performed [3, 4, 40] . This is an inherent limitation of the singlesinker method with two sinkers of different density: the apparatus-specific constant should be slightly different for the same SSMSD with two different sinkers, and this method provides only one single value. The value obtained by the single-sinker method with two sinkers of different density is, therefore, a mean value of two slightly different ερ, one for the SSMSD with each different sinker. The value for ερ obtained by measuring the density of pure oxygen has a weak, but appreciable, dependence on temperature and density. The value of ερ ranges from 8.4·10 -5 (for T = 250 K, p = 5.7 MPa, and ρ = 91.8 kg·m -3 ) to 9.2·10 -5 (for T = 350 K, p = 1.0 MPa, and ρ = 10.7 kg·m -3 ). The value of ερ as a function of T and ρ, can be obtained from equation (19) . This dependence of ερ with T and ρ can be explained because the geometry of the magnetic coupling changes with temperature and density. The influence of the temperature in the fluid-specific effect of the FTE is equivalent to the influence detected in the apparatus-specific effect, Φ0, recorded in the literature [3, 4, 40] . This effect of temperature in the value of ερ, due to the change in the geometry of the magnetic coupling, is avoided by some authors [6] by changing the measurement procedure, making the magnetic coupling always work at the same distance between electromagnet and permanent magnet. But also, the magnetic susceptibility of the measuring cell changes with the temperature. Although the housing or our equipment is made of a diamagnetic alloy of CuCrZr, the presence of other paramagnetic parts or even undesirable impurities of ferromagnetic particles in the surroundings of the magnetic coupling may shift the overall magnetic behavior from diamagnetic to paramagnetic. This is our case, as it is reflected from the (Φ0-1) values obtained when measuring in vacuum, with a strong temperature dependence, with results changing from negative to positive values, ranging from -13.2·10 -6 at T = 250 K, up to 2.8·10 -6 at T = 375 K. The value of ερ obtained in this work by this second method is double the value obtained by the first method. However, the mean value obtained for ερ with the first method, if the negative values of ερ (which have no physical meaning) and the outliers (two of the experimental ερ are beyond the 75 % quartile) are eliminated, is of 8.4·10 -5 ,and this value is close to the value given by the second method. Anyway, this value is of no significance, as it is obtained from only 12 experimental densities of nitrogen measured with two different sinkers. Additionally, with so few pairs of experimental density data, the first method is unable to detect any dependence of ερ with temperature. Even when McLinden [3] states that the second method will give only an approximation of the fluid-specific effect correction, in our case this second method has proven to be more precise. This is mainly because we have measured the density of pure oxygen not only at a single point, near ambient conditions (T = 293.15 K and p = 0.1 MPa), but over a wide range of temperatures and pressures. For all these reasons, we will take the value of ερ obtained by the second method as the reference value for the corrections due to the fluid-specific effect on the FTE for the SSMSD at UVa. This value is of the same order of magnitude as the values of ερ given by several authors for similar SSMSD's. ερ = 18.9·10 -5 for the densimeter at Texas A&M University in Texas, USA [40] , ερ = 3.6·10 -5 and ερ = 4.4·10 -5 (before and after an important modification of the magnetic suspension coupling) for the SSMSD at the Ruhr-Universität in Bochum, Germany [3] .
Conclusions
Two different approaches were used to estimate the apparatus-specific constant, ερ. of the fluidspecific term of the force transmission error of the magnetic-suspension coupling of the singlesinker magnetic suspension densimeter at the University of Valladolid. The numerical results obtained are specific for the SSMSD at UVa, but, from a qualitative point of view, the conclusions obtained in this work are valid for other SSMSD and other scientific equipment using a magneticsuspension coupling. The mean value obtained for ερ by using a single-sinker method with two sinkers of different density is 4.6·10 -5 , but this value has a large uncertainty, as it was calculated with very few nitrogen density data, not specifically obtained for this purpose. The value for ερ obtained by measuring the density of pure oxygen has a weak, but appreciable, dependence on temperature and density. The value of ερ as a function of T and ρ, can be obtained from equation (19) . The value of ερ obtained by this second method is double the value obtained with the first method. Nevertheless, both values are compatible, given the large uncertainty of the value obtained by the first method. For these reasons, the value of ερ obtained by the second method should be considered as more reliable.
The correction due to the fluid-specific effect will be very small when measuring densities of diamagnetic fluids (very low magnetic susceptibility) and when using sinkers of density close to the density of the fluid (low density sinkers), as can be deducted from equation (11) . In the case of the SSMSD at UVa, with the new silicon sinker (with a relatively low density), the correction due to the fluid-specific effect result in a correction of less than 0.01 % in density, for a nominal value of ρ = 300 kg·m -3 , for a nitrogen sample, or for any other gas sample of diamagnetic fluids.
Therefore, the omission of the fluid specific effect correction for mixtures of diamagnetic fluids is acceptable if maximum accuracy is not required. When measuring mixtures with high oxygen content, which will imply a high magnetic susceptibility of the mixture, namely up to two orders of magnitude larger than diamagnetic fluids, the correction due to the fluid-specific effect should be considered, even with SSMSD with lowdensity sinkers installed. a Expanded uncertainties (k = 2): U(T) = 4 mK; ( > 3)/MPa = 75 · 10 −6 · MPa + 3.5 · 10 −3 ;
( < 3)/MPa = 60 · 10 −6 · MPa + 1.7 · 10 −3 . 
